The stroma of solid tumors can exclude or limit immune infiltration, or lead to the recruitment of tumor-promoting rather than tumor-attacking immune cells. This finding was reported by Jayaprakash et al. in this issue of the JCI, and it was particularly prominent in the hypoxic zones of tumors in the transgenic adenocarcinoma of the mouse prostate (TRAMP) cancer models. A current clinical goal of immune checkpoint blockade (ICB) is to extend its utility to more patients by converting immunologically "cold" tumors that do not provoke a strong immunological response to "hot" tumors that are invaded by swarms of T cells. When the underlying cause is hypoxia linked, the therapeutic combination of simultaneous targeting of hypoxia and immune checkpoints merits exploration in future clinical trials.
Immune checkpoint inhibitors are considered a cancer immunotherapy success story; nevertheless, only a minority of patients treated with immune checkpoint blockade (ICB) show clinical benefit (1). Intensive research efforts have revealed several potential biomarkers for ICB responsiveness, and new combination treatment regimens are being proposed to improve the response rate (1, 2). However, which combinations should be prioritized for clinical testing? Arguably, if there are common features of malignant tumors that act upstream of several ICB resistance factors, these should be high on the list. A prime candidate is hypoxia, which has long been considered a negative prognostic indicator for many solid tumors, associated with poor response to chemotherapy and radiotherapy, and linked to tumor progression through mechanisms such as promotion of stemness, cancer cell survival, invasion, angiogenesis, and metastasis (3). More recently, hypoxia has been correlated with an immunosuppressive tumor microenvironment (TME) (4), with well-described effects on the CD8 + T cells that are proposed to be the primary effector cells elicited by ICB (5) .
What approaches can be envisaged to manipulate hypoxia and thereby test its impact on cancer progression in the context of immunotherapy? Broadly, the choice can be between minimizing hypoxia itself or blocking its consequences. The bestdescribed cellular regulator of the hypoxia response is the hypoxia-inducible factor (HIF) pathway (6) . HIF-α subunits are stabilized under low oxygen levels and pair with a constitutively expressed β-chain, leading to nuclear translocation and transcription of genes with a hypoxia-responsive element in their promotor. Compounds targeting HIFs are actively investigated as cancer therapeutics (3), but caution is warranted when antitumor immunity is the objective. Indeed, immune cells (including T cells and myeloid cells) can stabilize HIF-1α in response to various stimuli in an oxygen-independent manner (7), and HIF inhibition or absence can impair immune effector functions. A more direct way of altering tumor oxygenation is to promote respiratory hyperoxia though supplemental oxygen delivery, as recently tested in mouse lung tumor models (8) . This resulted in decreased tumor hypoxia, weakened immunosuppression in the TME, and prolonged survival when mice were cotreated with immunotherapy. Although this approach demonstrated the importance of oxygen availability in cancer therapy, routine clinical translation is expected to be challenging. Hypoxia reduction can also be achieved by inhibiting oxygen consumption of tumors using the metabolic drug metformin, suggested to impede cancer progression and to promote responsiveness to immunotherapy (9) . Nevertheless, the mechanisms of action of metformin are multiple, and enhancement of antitumor immunity can also occur through hypoxiaindependent mechanisms (10). Another view of hypoxia is that it represents a relatively tumor-specific marker suitable for targeting of cytotoxic drugs, thereby limiting systemic toxicity. This vision led to the development of hypoxia-activated prodrugs (HAPs), which require enzymatic reduction to release a cytotoxic effector molecule able to kill dividing tumor cells, a process only occurring under low oxygen tensions (11) . There are certain caveats to this simplistic mode of action that might limit in vivo efficacy and tumor selectivity. First, limited oxygen availability is a feature of many healthy tissues, particularly secondary lymphoid tissues in which there are also dividing cells and oxygen levels of approximately 2.5% (12) . However, although earlier-developed HAPs required only mild hypoxia for their activation (class I compounds), class II compounds are now available that require more severe hypoxia (11), thereby improving tumor selectivity (3, 11) . Second, cancer cells in the hypoxic regions (i.e., the cells most efficiently targeted by HAPs) may have undergone adaptations promoting chemotherapy resistance, for example, through apoptosis resistance, modification of DNA repair mechanisms, or overexpression of ABC transporters (3) . Despite the conceptual interest in HAPs, the results of clinical trials have been somewhat disappointing to date (11) , which prompts interest in combining HAPs with other therapies, including immunotherapy. The stroma of solid tumors can exclude or limit immune infiltration, or lead to the recruitment of tumor-promoting rather than tumor-attacking immune cells. This finding was reported by Jayaprakash et al. in this issue of the JCI, and it was particularly prominent in the hypoxic zones of tumors in the transgenic adenocarcinoma of the mouse prostate (TRAMP) cancer models. A current clinical goal of immune checkpoint blockade (ICB) is to extend its utility to more patients by converting immunologically "cold" tumors that do not provoke a strong immunological response to "hot" tumors that are invaded by swarms of T cells. When the underlying cause is hypoxia linked, the therapeutic combination of simultaneous targeting of hypoxia and immune checkpoints merits exploration in future clinical trials.
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jci.org Volume 128 Number 11 November 2018 mechanisms, exemplified by the success of ICB development, can be extremely informative. In this regard, the mechanistic data from Jayaprakash et al. makes a major contribution (13) . TH-302 treatment was remarkably efficacious at decreasing hypoxic zones in the TRAMP-C2 tumors. Moreover, when combined with ICB, there was increased T cell infiltration, which the investigators suggest was facilitated by improved vascularization. Regarding T cell effector functions (granzyme B and cytokine expression), these were improved in mice treated with TH-302 and ICB combined therapy, as were T cell activation, proliferation, and lower T cell apoptosis in hypoxic zones. Enhanced CD8 + T cell functionality was correlated with reduced myeloid-derived suppressor cell (MDSC) proportions. These cells were suppressive in in vitro tests, expressed arginase, and were of the granulocytic subset. In addition, mice treated with TH-302 and ICB combined therapy had reduced capacity to polarize adoptively transferred myeloid precursors to MDSCs.
Based on these findings that correlate with therapeutic efficacy, what could be the mode of action of TH-302 HAP in the ic regions. They hypothesized that targeting hypoxia concomitantly with ICB would extend the antitumor activity of reinvigorated T cells to these tumor sanctuaries. TH-302, a class II HAP that releases the active cytotoxic drug bromo-isophosphamide upon reduction in a hypoxic environment, was employed. As monotherapy, TH-302 was moderately efficacious in prolonging survival of mice implanted subcutaneously with TRAMP-C2 cells, but in combination with anti-CTLA-4/anti-PD-1 ICB, more than 80% of mice survived long-term (14) . It should be noted that mice implanted with TRAMP-C2 were relatively responsive to ICB alone, with more than 50% long-term survival after ICB monotherapy. However, in the more challenging TRAMP transgenic mouse model in which ICB was ineffective, the benefits of the TH-302 and ICB combined therapy were also encouraging, based on increased prostate weight -a surrogate readout for tumor growth -and progression of tumors from adenocarcinomas to more aggressive neuroendocrine tumors.
Survival benefit of therapies tested in mouse cancer models is rarely fully predictive for human cancer, whereas conserved
HAPs and immunotherapy in prostate cancer models
In this issue of the JCI, Jayaprakash et al. investigated whether the use of an HAP could improve or reveal ICB responsiveness in prostate cancer models (13) . The rationale is based on several observations of human prostate cancer, and the clinical need for new therapies for currently incurable metastatic castration-resistant prostate cancer (mCRPC). Indeed, mCRPC immunotherapy (using the sipuleucel-T cancer vaccine) has offered some modest clinical benefit for some patients, validating the potential for immune control of this malignancy. However, other therapeutic vaccines were unsuccessful in phase III trials, and recent ICB therapy was largely disappointing (14) . Although there are numerous possibilities to account for therapy resistance, the current study focused on the hypoxic nature of the TME, a feature of aggressive human prostate cancer (15) and recapitulated in the transgenic adenocarcinoma of the mouse prostate (TRAMP) models used (13) . Jayaprakash et al. observed that although TRAMP tumors were infiltrated by CD4 + and CD8 + T cells, they were generally excluded from hypox- epitopes, and PD-L1 expression in the TME (16) . Whether these parameters are modulated in the HAP-treated prostate cancer models used here (13) or whether they might contribute to successful combination therapy in future clinical studies will be important to determine. Oxygen consumption and deprivation in solid tumors is a dynamic process, which will rapidly change according to tumor progression and consequences of treatment. If interferon-γ-secreting T cells can be driven to infiltrate the tumor, vessel perfusion can be improved and hypoxia can be reduced even in the absence of direct hypoxia targeting (17) . In the long-term assessment of human cancer immunotherapies, prioritization of direct hypoxia targeting will likely depend not only on global assessment of the TME, but also upon fine analyses of even small hypoxic islands to determine whether they serve as important reservoirs of untargeted tumor cells facilitating immune escape.
